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Abstract 

Neutron total cross sections are represented for 
Li to Pu targets at energies above 0.1 MeV and less 
than 100 MeV using a modified nuclear Ramsauer 
formalism. The formalism is derived for energies 
above 100 MeV by fitting theoretical cross sections. 
Neutron absorption cross sections are represented 
by analytic expressions of similar form, but shape 
resonance phenomena of the Ramsauer effect are not 
present. Elastic differential cross sections are given as 
a renormalized impulse approximation. These cross 
section data bases will be useful for nucleon transport 
applications. 

1. Introduction 

In an earlier report (ref. 1), we presented a rela- 
tively complete transport code for high energy nucle- 
ons. The data base for that code was complete but 
somewhat inaccurate. The present report describes 
the further development of the data base by improv- 
ing the total nuclear cross sections (crtot) an d the 
nuclear absorption cross sections (c a b 3 ). The effects 
of this improvement on the elastic scattered neutron 
differential cross sections (cr s ) are also presented. 


These forms are shown in comparison with experi- 
mental data (ref. 3) in figure 2. 

The low energy neutron-nucleus total cross sec- 
tions exhibit a complicated fine resonance struc- 
ture over a broad, slowly varying background. This 
background is marked by very broad Ramsauer res- 
onances that persist even to neutron energies of 
100 MeV. Although a simple fundamental theory for 
the Ramsauer resonances is not available, a semi- 
empirical formalism is given by Angeli and Csikai 
(refs. 4 and 5). Their formalism starts with the usual 
partial wave expansion as 

otot = 2 ttA 2 ^ (2£ + 1)[1 -Re(n f )] (2.5) 
l 

where Re(Z) denotes real part of Z with 

n t = exp{i6 e ) (2.6) 

where <5^ is the complex phase shift for the fth partial 
wave and i = y/—l. In the opaque nucleus model, 
n£ « 1 for all l> Rj A, where R is the nuclear radius, 
which leads Angeli and Csikai to assume 


2. Total Nuclear Cross Sections 

After many decades of experimental activity at 
various accelerators with ever-increasing energies, 
the cross sections for two-nucleon interactions are 
reasonably well defined. Although recent advances 
in the theory of the two-nucleon interaction in terms 
of phenomenological meson exchange models (ref. 2) 
show considerable success, a simple parameterization 
of the experimental data is sufficient for our purposes. 
For energy E > 25 MeV, the proton-proton (pp) total 
cross section is found to be reasonably approximated 

by 

a pp (E) = (1 + 5/E) {40 + 109 cos(0.199 Ve) 

x exp[— 0.451(E — 25) 0 ' 258 ]} (2.1) 

and for lower energies 

ct pp (E) — exp{6. 51 exp[— (E/134) 0 ' 7 ]} (2.2) 

These forms are shown in comparison with experi- 
mental data (ref. 3) in figure 1. For E > 0.1 MeV, 
the neutron-proton (np) cross section is taken as 

a np (E) = 38 + 12 500 exp[-1.187(E - O.l) 0 ' 35 ] 

( 2 . 3 ) 

and at lower energies 

a np (E) = 26 000 exp[- (E/0.282) 0 ' 3 ] (2.4) 


CTtot « 27r(E + A) 2 [l - Re(p)] (2.7) 

where rj = 0 gives the usual opaque nucleus result 
such that 

Re(r?) = cos[Re(<5)] = p cos {qA\^ — r ) 

(2.8) 

where At is the mass number of the target nucleus, is 
a reasonable starting point to parameterize the total 
cross sections. Their complete parameterization is 

ctot = 27 t ( r 0 A^ 3 + A) 2 [a - p cos (gA^ 3 - r)] (2.9) 


where r D = 1.4 fm, and the neutron wavelength is 


4.55 A t + 1 
y/E At 

(2.10) 

The parameters of Angeli and Csikai are adequately 
approximated by 

1 

(2.11) 

1 + 2/(3.8E + O.lEy/E + 0.1E 3 y/E) 

p = 0.15 - 0.0066 y/E 

(2.12) 

q = 2.72 - 0.203 VE 

(2.13) 

r = min{— 5.3 4- 1 A&y/E, 1.3} 

(2.14) 



Strictly speaking, equations (2.9) to (2.14) apply 
only to At > 40 and 0.5 < E < 40 MeV. A 
simple extension to all At and 0.1 < E < 100 MeV 
gives qualitatively similar results to the experimental 
data and provides a starting point for representing 
the total cross section. The cross sections given 
by equations (2.9) to (2.14) are shown in figure 3. 
This should be compared with the experimental data 
(ref. 6) shown in figure 4. Note the data in figure 4 
have only the broad resonances shown. The very 
narrow resonances have been averaged. We now seek 
some modification to the Angeli-Csikai cross sections 
to better approximate the total cross sections. 

Our modifications to the Angeli-Csikai formalism 
are as follows: 

(1) If At > 75, then a is taken as 0.18 for values 
of equation (2.11) less than 0.18. 

(2) The value of p is taken to be greater than 0.4a 
unless At > 76, for which p can be as small as 
0.3a. 

(3) A modifying factor of 

1 4- D exp(-aE) 


is used with 


and 


D = 


a = 


0.5 (145 < A t < 235) 

1.0 (Otherwise) 

1.0 (205 < A t < 235) 

2.0 (Otherwise) 


(4) An additional modifying factor is applied as 


Fi jl - 0.5 exp[— (At - 63.54) 2 /20] 

— 0.45 exp[ — (At — 58.7 1) 2 / 4] exp(— 2 E) + F 2 j 

where 


*1 


0.7 (At < 63, E< 0.8) 

1.0 (Otherwise) 


F 2 


'0 (E > 0.5) 

- -4.95 exp(— 18£) (40 < A t < 42) 
, -1.79 exp(— 15£) (32 < A t < 34) 


(5) If At < 30, then numerical interpolation be- 
tween experimental values is used. 


The final cross sections as modified above are shown 
in figure 5 and should be compared with figure 4. 

The total cross sections above 100 MeV have 
been taken from reference 7. The high energy cross 
sections of reference 7 have been approximated by 


atot (At,!?) = 52.5At 


0.758 


1 + (0.8 + 2.4 e~ At/3 °) 


X e~ E/135 sm 9 E 

where the phase angle is given by 

14.41 (E < 40 MeV) 


e E = 


1.29 In 2 (£) - 7T (E > 40 MeV) 


(2.15) 


(2.16) 


In figures 6 to 9, the expressions (2.15) and (2.16) are 
shown in comparison with the theory of Townsend 
and Wilson (ref. 7) and a compilation of exper- 
iments. As can be seen in these figures, equa- 
tions (2.15) and (2.16) give reasonable fits above 
100 MeV. Equations (2.9) to (2.14) are connected 
smoothly at 70 MeV to the results of equations (2.15) 
and (2.16) at 130 MeV with an assumed exponential 
dependence on energy. The total cross section is used 
to calculate the scattering cross section as 


a s (E) — crtot(E) — c a bs (E) (2-17) 


The total neutron-nucleus cross section is shown 
in comparison with experimental data (ref. 6) in 
figures 10 to 13 (experimental data shown as the 
dashed curve). Also shown are the cross sections 
(dot-dash curve listed as “Prior”) used in reference 1. 
Clearly the present result is a great improvement. 


3. Nuclear Absorption Cross Sections 

Qualitatively, the nuclear absorption cross sec- 
tions show an energy dependence similar to that ob- 
served for the total nuclear cross sections. An ana- 
lytic formula for protons was derived by Letaw et al. 
(ref. 8) by first fitting the cross sections of Bobchenko 
et al. (ref. 9) with the formula 

cr Atot = 45A?' 7 {1 + 0.016 sin[5.3 - 2.63 ln(A t )]} (3.1) 


Equation (3.1) reproduces the Bobchenko data to 
within 2 percent (ref. 8). A somewhat better fit to 
the Bobchenko data is given by 

o At = 45Af ' 7 (1 - 0.018 sin 0 At ) (3.2) 
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where the angle 9 / i t is 

e At = 2.94 ln(A t ) + 0.63 sin[3.92 ln(vl t ) - 2.329] - 0.176 

(3.3) 

Equation (3.2) fits the Bobchenko data to within 
the 1.2-percent difference that is on the order of 
the experimental uncertainty (ref. 9). Although the 
Bobchenko data represent a consistent set of mea- 
surements for many different targets and probably 
define well the At dependence of the high energy 
cross sections, they may nonetheless be in error in 
absolute value, as suggested by many other indepen- 
dent experiments (refs. 10 and 11). 

Letaw et al. assume the energy dependence for all 
nuclei to be the same and approximated by 

f(E) = 1 - 0.62 exp(— jE/ 200) sin(l0.9£T°- 28 ) 

(3.4) 

where the nucleon kinetic energy is in units of MeV. 
We observe oscillations according to the quantum- 
mechanical calculations of Townsend and Wilson 
(ref. 10) with phase angle 


4. Nucleon-Nucleus Elastic Spectrum 

The nucleon-nucleus differential elastic cross sec- 
tion in the impulse (Chew) approximation (note, this 
is just the Born term of the optical model in ref. 13) 
is given by 

^= Ce -^ y ,,(, 2 )] 2 

^C'e~ 2bql - 2a 2 q 2 /* (4.1) 

where b is the slope parameter of the equation (see 
ref. 1) averaged among nuclear constituents, q is the 
magnitude of momentum transfer, a is the nuclear 
rms radius, and F At is the nuclear form factor. The 
nuclear rms radius in terms of the rms charge radius 
in femtometers is given as 

a = \J a 2 — 0.64 (4-2) 

where the rms charge radius is 


Oe 


1.44 ( E < 25 MeV) 

1.33 ln(.E) — 2.84 (Otherwise) 


(3.5) 


but with an Afdependent amplitude given by 


f(E) = 1 - (0.3 £-°- 22 + 0.76e~ S / 135 ) 

(0.4 + 0.9e~ At ^ 30 ) sin & E (3.6) 


In figures 14 to 18, the absorption cross sections 
as given by equations (3.3), (3.5), and (3.6) are 
shown in comparison with the fit of Letaw et al. and 
experiments. As one can see from the figures, it is 
difficult to assign a figure of merit to the fit, since 
great scatter in the experiments obscures the result. 
Generally, above 20 MeV the results are on the order 
of 10 percent accurate as estimated from the scatter 
in the experiments. 

Below 20 MeV, the neutron cross sections are rep- 
resented by numerical data sets at discrete energies 
of 1, 3, 5, 10, 14, and 20 MeV as taken from refer- 
ences 6, 11, and 12. These are shown in figures 19 to 
24. Intermediate energy values are found according 
to 

a(A u E) = a(A t , E { ) e -< E ~ E i) (3.7) 

where E{ and a are taken according to the appropri- 
ate subinterval. The cross sections are assumed to 
be zero at energies below 0.5 MeV. The absorption 
cross sections for elements from lithium to plutonium 
for energies between 1 and 100 MeV are displayed in 
figure 25. 


r 0.84 

(At = 1) 

2.17 

(At = 2) 

1.78 

(At = 3) 

1.63 

(At = 4) 

2.4 

(6 < A t < 14) 

. 0.82A t 1/3 + 0.58 

(At > 16) 


(4.3) 


The nuclear form factor is the Fourier transform of 
the nuclear matter distribution. Note that equa- 
tion (4.1) assumes the nuclear matter distribution 
is a Gaussian function, which is reasonable for the 
light mass nuclei but is less valid for At 3> 20. 

The energy transferred to the nucleus, Et, is 
restricted by kinematics to 

0 < E t < (1 - a)E' (4.4) 

where 

tt= (dLll£ 

(At + 1)2 

The energy transfer spectrum is given as 



f(E t ,E') 


AAtmc 2 | 

(“*) 


) E ‘ 


—4Atmc 2 (l — ot)\ 

1 -e 

(*$*) 

|£'l 



(4.6) 
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where m is the nucleon mass and B is the interaction 
slope parameter. Similarly, the nucleon energy after 
scattering, E, is restricted to 

olE' <E< E' (4.7) 

The nucleon spectrum is given by 



(4.8) 


One should note that both equations (4.6) and (4.8) 
reduce to the usual isotropic scattering result at 
low incident energy. The differential spectrum is 
normalized as 

~ = <r s {E') f(E,E') (4.9) 

where o s {E') is the total scattering cross section 
obtained from equation (2.17). 

The results of equation (4.9) are shown in com- 
parison with experimental data (refs. 14 and 15) in 
figures 26 to 29. In these figures, 0 cm refers to the 
center-of-mass scattering angle while 0 ] a {, is the cor- 
responding angle in the laboratory. The compari- 
son is rather good at the small angles, considering 
the simplicity of the present results. Also shown in 
the figures are results from reference 1 showing con- 
siderable improvement over the prior results. Much 
of the present discrepancy near forward scattering is 
due to errors in 05 (f£) to which the present spectra 
are normalized in equation (4.9). At broader angles, 
the differences are due to the neglect of higher order 
corrections to the impulse term. 

5. Concluding Remarks 

The results reported herein are considerably 
more accurate than the results used in the original 
Langley Research Center transport code BRYNTRN. 
A version of BRYNTRN with these new data is now 
available. 

NASA Langley Research Center 
Hampton, Virginia 23665-5225 
July 20, 1988 
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Energy, MeV 

Figure 1. The total proton-proton cross sections according to the present formalism and various experiments. 



Energy, MeV 

Figure 2. The total neutron-proton cross sections according to the present formalism and various experiments 
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Figure 3. The total neutron-nucleus cross sections according to the Ramsauer resonance formalism. 
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Figure 4. The total neutron cross sections according to reference 6. 
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Figure 5. The total neutron-nucleus cross sections according to the present formalism. 
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Figure 6. The total nucleon-carbon cross sections according to the present formalism, the theory of Townsend 
and Wilson, and various experiments. 
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Figure 7. The total nucleon-aluminum cross sections according to the present formalism, the theory of Townsend 
and Wilson, and various experiments. 




Figure 8. The total nucleon-copper cross sections according to the present formalism, the theory of Townsend 
and Wilson, and various experiments. 
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E, GeV 

Figure 9. The total nucleon-lead cross sections according to the present formalism, the theory of Townsend 
and Wilson, and various experiments. 
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Figure 10. The total neutron-nucleus cross sections according to the prior data base (ref. 1), the present 
formalism, and an evaluated data base (ref. 6). 
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E, GeV 


Figure 15. The neutron-aluminum absorption cross sections according to the present formalism, Letaw et al. 
(ref. 8), and various experiments. 
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E, GeV 


Figure 18. The neutron-lead absorption cross sections according to the present formalism, Letaw et al. (ref. 8) 
and various experiments. 





Figure 19. The neutron-nucleus absorption cross sections at 1 MeV of the present formalism and various 
experiments. 



Figure 20. The neutron-nucleus absorption cross sections at 3 MeV of the present formalism and various 
experiments. 
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Figure 21. The neutron-nucleus absorption cross sections at 5 MeV of the present formalism and various 
experiments. 



Figure 22. The neutron-nucleus absorption cross sections at 10 MeV of the present formalism and various 
experiments. 
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Figure 23. The neutron-nucleus absorption cross sections at 14 MeV of the present formalism and various 
experiments. 



Figure 24. The neutron-nucleus absorption cross sections at 20 MeV of the present formalism and various 
experiments. 
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Figure 25. The neutron-nucleus absorption cross sections according to the present formalism. 
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Figure 26. Neutron carbon scattering cross sections according to present 
and evaluated data (ref. 15). 
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Figure 27. Neutron scattering cross sections for several elements according to present formalism, prior formalism 
(ref. 1), and the calculations of Fernbach (ref. 14). 
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Figure 28. Neutron scattering cross sections for several elements according to present formalism, prior formalism 
(ref. 1), and the calculations of Fernbach (ref. 14). 
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Figure 29. Neutron-uranium scattering cross sections according to present formalism, prior formalism (ref. 1), 
and evaluated data (ref. 15). 
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